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Abstract
Thispaperdemonstratesaflexibleimplementationfrulestocontrolthesimulation
ofurbandevelopmentofSydneyfrom1971to1996usingacellularautomatamodel.
Fivekeyfactors,includingtheselfpropensityfordevelopmentandneighbourhood
support,slopeconstraint,transportationsupport,errainandcoastalproximity
attractionsandurbanplanningsupportareintroducedintothemodelin aspatially
explicitformat,whichgeneratedarealisticestimationoftheextentandtimingof
Sydney'surbandevelopment.Withtheflexibilityofruleimplementationwithinthe
model,morerulescanbeaddedasnew'If-Then'statementstofine-tunethemodel,
providedthatagoodunderstandingoftheruleismaintainedandaccuratedataare
collected.
Introduction
Urbandevelopmentisasignificantglobalphenomenona disoneofthemaindrivers
ofglobalenvironmentalchange,whichhasattractedresearchattention(Vitousek
1994;Batty1995;Battyetal.1996;AlIen1997;Batty1998;Sui1998).A diverse
arrayofurbanspatialmodelshasbeendevelopedtosimulatetheprocessesand
patternsofurbandevelopment.Amongthem,cellularautomataandtheirapplication
inurbanmodellinghavebeenrapidlygainingfavouramongurbanresearchers
(Couclelis1985;Whiteetal.1993;Whiteetal.1994;Batty1997;Battyetal.1997;
Clarkeetal.1997;Couclelis1997;Whiteetal.1997a;Whiteetal.1997b;Clarkeet
al.1998;Wu 1998a;Wu 1998b;Wu 1998c;Wuetal.1998;Battyetal.1999;Batty
2000;Wuetal.2000).
BasedonthecellularautomatamodelofurbandevelopmentdevelopedinLiu etal.
(2003),andtheapplicationofthemodelinthemetropolitanreaofSydney,Australia
(Liuetal.2004),thispaperdemonstratesaflexibleimplementationfurban-state
transitionrulesinthecellularautomatamodeltocontrolthesimulationoftheurban
developmentofSydneyfrom1971to1996.Fivekeyfactors,includingtheself-
propensityfordevelopmentandneighbourhoodsupport,slopeconstraint,
transportationsupport,errainandcoastalproximityattractionsandurbanplanning
supportareimplementedinthemodeltosimulateSydney'surbandevelopmentfrom
1971to1996.
ThefollowingsectionpresentshemodeldevelopedinLiu etal.(2003).To assessthe
impactofdifferentfactorsontheurbandevelopmentofSydney,severaltransition
rulesareintroducedintothemodel,resultinginfivedifferentscenariosofurban
developmentofSydneyfortheyears1971-96.Resultsfromthesimulationsenable
conclusionstobeestablishedonthefactorsaffectingSydney'surbandevelopment
andtheabilityofthemodeltoactasaplanningtoolforimplementing'what-if'urban
growthscenarios.
ModelDevelopment
Liu etal.(2003)describedthedevelopmentofacellularautomatamodelofurban
developmenti corporatingfuzzysetandfuzzylogicapproaches.Themodelwas
developedbasedontheunderstandingthaturbandevelopmentisafuzzyprocess,that
is,thereisnosharpboundarybetweenthenon-urbanandfullyurbanbuilt-upareas
(Pryor1968;Bryantetal.1982),andtheprocessofurbandevelopmentfollowsa
logisticcurve(Jakobsonetal.1971;Herbertetal.1997).
Let tX;j denotethetthyearof developmentof acell xij' Theextentof urban
developmentofthecellinyeart canberepresentedbyamembershipgrade,which
canbedenotedbyIl Su,ban(x~).Withtheunderstandingofthelogisticurveofthe
processofurbandevelopment,therelationshipbetweentXijandllsu'ban(x~) can be
representedbyEq. 1.
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Here,ao,boandCoareparametersof thelogisticfunction,whereaoandboarethe
locationandscaleparametersrespectively,andCoadjustshowquickly Ils changesu,ban
withasingleunitchangeofthetimet,thatis,itcontrolstheshapeofthelogistic
curve;n isthedurationofthewholeprocessofurbandevelopmenti anarea.The
speedofurbandevelopmentvariesfromonecitytoanotherandevenfromonecellto
anotherwithinacity.Therefore,ao'bo,Coandncanbedefinedandcalibrated
accordingtothespeedofurbandevelopmentof individualcities.
Accordingtotheprinciplesofthecellularautomata,thestateofacellandthestates
of itsneighbouringcellsataprevioustimestepdeterminethestateofthecellinthe
urbanfuzzyset.If acellhasastrongpropensityfordevelopmentanditcanget
supportforsuchdevelopmentfromitsneighbourhood,thendevelopmentwill occurin
thatcellfollowingalogistic urve.
To determinewhatstateacellwillbeinafteracertaintimeperiod,Eq.1canbe
rewrittenasfollows:
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For eachcell xij in theurbanfuzzyset,itsmembershipgradeJisu'ba"(xij) hasbeen
definedthroughitspopulationdensityvalue.Therefore,thestage(oryearasdenoted
by tx ) ofdevelopmentofthecellintheurbandevelopmentprocesscanbecalculated'J
inEg.2.Withtheawarenessofthecurrentstageofdevelopmentofcellsintheurban
developmentprocess,thegradeofmembershipofthiscellintheurbanfuzzysetat
anothertimecanbecomputedthroughEg.1.
Thecellularautomatamodelofurbandevelopmentwasimplementedin aGISusing
ARC/INFO'sArcMacroLanguage.Theinputdataillustratingactualurban
developmentwereprocessedusingthecensusdatafrom1971to1996publishedby
theAustralianBureauofStatisticswhichweredocumentedinLiu (1998).The
simulatedoutputofthemodelwereprocessedandstoredinGIS asgridfiles.Usinga
modifiedgoodness-of-fitanalysisapproach(Uu etal.2004),thesimulation
accuraciesofthemodelwerealsoassessedandpresented.
UnderstandingtheDrivingForcesthroughIndividualRuleSetting
Urbandevelopmentisaffectedbynumerousforces,includingphysicalconstraints,
socio-economicstatusaswellasinstitutionalcontrols(MaImetal.1966;AlIenetal.
1978;Wuetal.1998;Belletal.2000;Li etal.2000;Liu etal.2004).Thissection
introducesaflexibleapproachwherevariousfactorscanbeintroducedintothemodel
toevaluatetheimpacteachoftheforcesmayhaveonSydney'surbangrowth,and
howtheurbanlandscapehasbeenchangingundersuchforces.Thefactorsinclude
landavailability,landreleasedorplannedtobereleasedforurbandevelopment,land
contiguityaswellaslandaccessibilityrepresentedbyslope,terrainandtransport
networks.
Urbannaturalgrowth
Thecellularautomatamodeloftheurbandevelopmenti Sydneyfirstimplemented
thesimplestrulesrepresentingthecontiguityeffect,thatis,itconcernsonlythe
propensityofthecellitselfforurbandevelopmentandthesupportforsuch
developmentit receivesfromitsneighbourhood.Thisscenariofurbandevelopment
wastermedanurbannaturalgrowth.Thisdevelopmentappliesonlytopartly
developedurbancellsandnonurbancellsthatarenotlocatedinareasexcludedfrom
urbandevelopment,suchaswaterbodies(sea,lakesandrivers),andareasreserved
forvariouspurposesunderthefollowingconditions:
Forpartly-urbancells,
if acellhasastrongpropensityfordevelopmentanditcanalsogetsufficient
supportforsuchdevelopmentfromitsneighbourhood(ConditionA),
then applythebasicpatternofcontinuedevelopment;
elseif acellhasastrongpropensityfordevelopmentbutitcannotgetsufficient
supportforsuchdevelopmentfromitsneighbourhood(ConditionB) orif a
celldoesnothaveastrongpropensityfordevelopmentbutit canget
supportfordevelopmentfromitsneighbourhood(ConditionC),
then applytheslowpatternofcontinuedevelopment;
elseif acellhasaweakpropensityfordevelopmentandit cannotgetsufficient
supportforsuchdevelopmentfromitsneighbourhood(ConditionD),
then applytheveryslowpatternofcontinuedevelopment;
Fornon-urbancells,
if thereisstrongsupportfordevelopmentfromtheneighbourhood
(ConditionE),
then applytheslowpatternofnewdevelopment;
Comparingthesimulationextentofurbanandnon-urbanareaswiththeactualurban
extentofSydneyasdefinedinLiu (1998)foreachofthemodelledtimeperiod,it was
evidentthathepartlydevelopedcellshadbeenfurtherdevelopedoverthesimulation
period,manybecomingfullyurbancells.However,developmentsfromnon-urbanto
partly-urbanorfullyurbancellswereextremelyslow.Asaresult,mosturban
developmentsthatoccurredinthewestandthesouthwestpartofSydneyoverthe
simulationperiodwerenotrepresentedinthemodel'sresults(Figure1).
Figure1
(Figurel.tiff)
ScenarioI - ResultsofthesimulationofSydneygrowth,1971to1996,withtwo
snapshotsshowingthecity'sextentin 1981(a)andin 1996(b).Thismodel
considersurbannaturalgrowthonly.
Assessingthespatialaccuracyoftheurbangrowthsimulationresultsfrom1971to
1996,basedoncomparisonwiththeactualurbandevelopmentofSydneyatthesame
yearwascompletedusingthemodifiederrormatrixapproachandKappaanalysis
(Table1).Althoughtheoverallagreementbetweenthesimulatedurbangrowthand
theactualextentofurbandevelopmentofSydneyin 1996was87.1percent,a
significantdiscrepancybetweenthetwodatasetsexistsineachcategoryofthecell
states.Forinstance,3602partly-urbancellsoutofatotalof47109cellsinthe
referencedatawereomitted(excluded)fromthepartly-urbancategoryinthe
simulationresultsand1072cellscommitted(included)tothiscategoryincorrectly.
Therefore,theomissionandcommissionerrorsofthepartly-urbancategorywereas
highas77.3percentand48.9percentrespectively.A totalof3465urbancellsinthe
referencedatawerenotdevelopedasurbaninthesimulationresults.2534ofthese
pixelsremainedasnon-urbanand931developedtopartly-urban,resultinginan
omissionerrorof 18.6percentinthefullyurbancategory.Comparingtheomission
andcommissionerrorsofeachcategoryindividually,it wastheomissionerrorsthat
weredominantinboththeurbanandpartly-urbancategoriesandthecommission
errorthatwasdominantinthenon-urbancategory,indicatingthathemodeldidnot
generatesufficientdevelopmenttomatchtheactualurbandevelopmentofSydney.
Therefore,somecellswereomittedfromtheurbanorpartly-urbancategoryand
committedtothenon-urbancategoryincorrectly.As such,theKhatcoefficientwas
only73.1percent.Evenbychangingtheinitialsettingoftheparametersandthe
balancebetweenthetransitionrules,themodelwasnotabletolaunchsufficient
developmentfromthenon-urbancells.Thediscrepancybetweenthesimulation
resultsandtheactualurbandevelopmenti dicatedthathere xistedotherconditions
thatmayaffectexistingdevelopmentandgeneratenewdevelopment.
Table1.
(Tablel.doc)
ResultsoftheerrormatrixanalysisandKhatusingthe1996urbanareaasthereference
dataandthemajoritystateofcellswithina3by3neighbourhoodfthesimulation
resultfromurbannaturalgrowthastheassesseddata.
Slopeconstraint
Theslopeof landisnotalwaysacriticaldeterminingfactorinwhetherurban
developmentwill orwill notoccur.Theimpactof landslopeonurbandevelopment
canberelaxedif thereisahighdemandforlandbutshortsupplyofflatland,orif
thereis ahighincomegroupwithpeoplepreferringtoliveonhigherelevationsto
obtaingoodviews.However,theslopefactorcanspeeduporslowdownthe
processesofurbandevelopmenttosomeextent.Therefore,theslopefactorwas
introducedintothecellularautomatamodelofurbandevelopmentofSydney.To
implementthisfactor,itwasassumedthathetransitionrulesimplementedinthe
urbannaturalgrowthwerebasedonamoderateslopecondition,whichwasdefined
asaslopeof3degreesorless.If theslopeofacellgetstoacriticalhighlevel,aslow
patternofdevelopmentmightoccurtothecell.By implementingthisconstraint,the
previousversionofthemodelwasamendedasfollows(ConditionsA toE asdefined
underUrbannaturalgrowth):
Forpartly-urbancells,
if theslopeismoderate,
then applythetransitionruleassetintheUrbannaturalgrowth;
elseif theslopeisrelativelysteepandConditionA,
then applytheslowpatternofcontinuedevelopment;
elseif theslopeisrelativelysteepandConditionsB orC,
then applytheveryslowpatternofcontinuedevelopment;
Fornon-urbancells,
if theslopeismoderate,
then applythenewdevelopmentrulesintheUrbannaturalgrowth;
elseif theslopeisrelativelysteepandConditionE,
then applytheveryslowpatternofnewdevelopment.
Bycalibratingthesettingsofthemodel'sparameterswiththeurbanareadataof
Sydneyfrom1971to1996,adifferentscenariofurbandevelopmentofSydneywas
generated(Figure2andTable2).ComparedtoScenarioI, ScenarioITgenerated
moredevelopmentfromnon-urbantopartly-urbanareas,whichmatchestheactual
developmentofSydneybetterthanScenario1.However,theomissionerrorsinthe
partly-urbanandfullyurbancategorieswerestillhigh,whichneedtobereduced.
Figure2
(Figure2.tiff)
ScenarioIT- ResultsofthesimulationofSydneygrowth,1971to1996,withtwo
snapshotsshowingthecity'sextentin 1981(a)andin 1996(b).Thismodeltookinto
accounturbannaturalgrowthandslopeconstraineddevelopment.
Table2
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Resultsof themodel'ssimulationaccuraciesin 1996undervariousdevelopment
conditions.
By alsoincludingtheslopeconstraint,theoverallagreementbetweenthesimulation
resultsandtheactualurbandevelopmentofSydneyin 1996wasslightlyimproved
comparedtothepreviousresults(88.4percentasto87.1percentshowninTable1).
However,thecommissionerrorsineachcategorydecreased,withonly463partly-
urbancellsand280non-urbancellsinthereferencedatacommittedtourbanand
partly-urbani correctlyinthesimulationresults.Withthisimprovement,theKhat
coefficientwasincreasedfrom73.1percento76.0percent.However,3326partly-
urbancellsand3586urbancellswerestillomittedfromthecategoriestheyshouldbe
in,resultingin ahighomissionerrorof62.7percentinthepartly-urbancategoryand
alsoahighomissionerrorof 19.2percentintheurbancategory.Thisindicatesthat
ontheonehandtheslopeconstraintrulewascapableofcontrollingtheurban
developmenti thesteepterrainareas,resultinginthedecreaseofthecommission
errorsineachcategory.Ontheotherhand,thesloperulewasnotabletoaccelerate
existingdevelopmentorgeneratenewdevelopment.Hence,itwasnecessaryto
introducenewrulesforthetransitionofcellsfromthenon-urbantopartly-urbanand
urbanstates.
Transportationsupport
Transportation(accessandinfrastructure)hasbeenestablishedasacriticalfactorin
acceleratingurbandevelopmentandattractingnewdevelopment.ForSydney,the
earlydevelopmentoftheregionwascloselytiedtothedevelopmentofitspublic
transportationsystems(NewSouthWalesDepartmentofPlanning1993).Fromthe
mid-19thcentury,theurbanareaofSydneyexpandedoutwardsalongtheradial
railwaylines.Mosturbanconstructionswereconductedalongtheextensivenetworks
oftramlinesinthelate19thcentury.Fromthemid-20thcentury,theelectrificationf
railwaysandtheconstructionofthecity'sundergroundrailwaygreatlyimprovedthe
overallcapacityoftheexistingnetworksandencouragedcommutingfromgreater
distances.Moreover,thehighlevelofcarusageinAustraliancitieshasenabledmore
extendedsuburbansettlementsin lessaccessibleareasofSydney.Hence,
transportationis animportantfactorthatneedstobeintroducedintothemodel.
Goodtransportationnetworksincreasetheaccessibilityof land,andlandwithgood
accessibilityismoreeasilyselectedforurbandevelopment.To measurethespatial
accessibilityofacellintheurbandevelopmentcontext,atransportationdensityindex
wascalculated.It wasassumedthatcellswithahighertransportationdensityindex
hadahigherlevelofaccessibilityotransportservicesandinfrastructure.Asdifferent
transportationmodesanddifferentstandardsoftransportationhavedifferentstrengths
of impactorpotentialtoattractnewandaccelerateexistingdevelopment,aweighted
transportationdensityindexwascomputed.Forinstance,alocalorresidentialroad
wasallocatedabaseweightofoneintheweightingsystem,asecondaryoadsuchas
aconnectorordistributorroadoraone-trackrailwaywasallocatedaweightoftwo.
Similarly,aregionalprincipalroadsuchasahighwayoraregionalthroughroadora
multi-trackrailwaywasallocatedaweightofthree.Theweightedtransportation
densityindexwasthereforecalculatedbydividingthetotalvalueofthetransportation
weightsofcellswithinacertaineighbourhoodfacellunderconsiderationbythe
totalnumberof itsneighbouringcells.
Theimpactsofdualcarriageways,suchasfreeways,ornationalhighwaysonurban
developmentaremorecomplex.Suchacarriagewaymayhaveverylimitedimpacton
localurbandevelopmentif hereisnoexitfromthecarriagewaytothelocale.In
addition,areasthataretooclosetothecarriagewaysarenotattractivetourban
developmentowingtotheconcernovernoise.Withthisunderstanding,aseparate
ruleoftransitiondrivenbycarriagewayswasimplementedinthemodelbasedonthe
distanceofthecelltothecarriageways,whichwasonlyapplicabletocells
surroundingtheexit/on-rampofadualcarriageway.
To implementtherulesoftransportationsupportforurbandevelopmenti othe
model,threefuzzylinguisticvariables,'variableswhosevaluesarenotnumbersbut
wordsorstatementsinanaturalorartificiallanguage'(Zadeh1973)wereusedto
representthestrengthoftransportationsupportacellcanreceive.If acellhasavery
hightransportationdensityindex,orthecelliswithinacertaindistanceofadual
carriageway,it isentitledtohaveastrongtransportationsupportforurban
development.If thetransportationdensityindexofacellisnotveryhighbutis strong
enoughtoexpeditexistingdevelopmentorattractnewdevelopment,it isentitledto
haveaweaktransportationsupport.If thetransportationindexofacellis verylow,
thenthecellisentitledtohavenotransportationsupport.Withastrong
transportationsupport,apartly-urbancellmightbefurtherdevelopedveryquickly,or
anon-urbancellbeselectedfordevelopmentataspeedquickerthanwithoutstrong
transportationsupport.Ontheotherhand,developmentcanalsobeaccelerated,or
newdevelopmentbeinitiatedinareaswithaweaktransportationsupport,although
thisdevelopmentmaynotbeasquickastheonethathasastrongtransportation
support.Withouthesupportofthetransportationnetworks,thepaceofdevelopment
ofthecellwill becontrolledonlybythenaturalgrowthrulesandtheslope
constraints.Forinstance,if acellcantakeabasicpatternofacontinuedevelopment
intheslope-constrainedscenariofdevelopment,thiscellmaytakeaquickpatternof
thecontinuedevelopmentif it receivesaweaktransportationsupport.Itmightakea
veryquickpatternofcontinuedevelopmentif it receivestrongtransportation
support.Withoutanytransportationsupport,hespeedofdevelopmentofthecellwill
becontrolledbythebasicpatternofcontinuedevelopment.Thefuzzythresholdsof
variousparametersu edinthemodelwereadjustedthroughmodelcalibration.
Thetransportationsupportnotonlyspeedsuptheprocessofexistingdevelopment,
butalsoinitiatesnewdevelopmentatvariouspeedsdependingonitsstrengthandthe
conditionsofthecellitselfanditsneighbouringcells.Forinstance,underamoderate
slopecondition,if anon-urbancellreceivestrongtransportationsupportandit also
receivesupport(althoughnotverystrong)fordevelopmentfromitsneighbourhood,
apatternofnewdevelopmentcanoccur.Evenwithouthesupportfromits
neighbourhood,itmaystillbepossibletodevelop,althoughataslowspeed.If the
transportationsupportisweak,newdevelopmentcanbeinitiatedataslowerspeed.
By implementingtherulesoftransportationsupportinthemodel,adifferentscenario
ofurbandevelopmenti Sydneywasgenerated(Figure3).
Figure3
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ScenarioIII - ResultsofthesimulationofSydneygrowth,1971to1996,withtwo
snapshotsshowingthecity'sextentin 1981(a)andin 1996(b).Thismodeltookinto
accountslopeconstrainedandtransportationsupporteddevelopment.
Throughvisualcomparisonbetweenmodelledandactualurbangrowth,theresults
generatedfromthemodelincorporatingtherulesofbothslopeconstraintand
transportationsupportswereimprovedsignificantlycomparedtotheactualurban
developmentofSydney.Themodelhasgeneratedmostoftheurbandevelopmentthat
occurredinthewestandsouthwestpartsofSydney.Withthetransportationsupport,
themodelgeneratedanoverallaccuracyof91.7percentandaKhatof83.8percent
(Table2).Comparedwiththeoverallaccuracyof87.1percentand88.4percent,or
theKhatof73.1percentand76.0percentinScenariosI and11respectively,results
generatedwiththesupportofthetransportationnetworksrepresentedamuchbetter
matchfortheactualurbandevelopmentofSydney.Theindividualaccuracyofeach
categoryimprovedtovariousextents,withasignificantdecreaseoftheomission
errorsofpartly-urbancellsfrom62.7percentin Scenario11to38.3percentin
ScenarioIll. Theomissionerroroftheurbancategoryalsodecreasedfrom19.2per
cento13.1percent.Theseimprovementsindicatethathemodelgeneratedmore
developmenttomatchtheactualurbandevelopmenti Sydney.
Eventhoughthemodelhasanoverallsimulationaccuracyof 91.7percentandaKhat
coefficientof 83.8percentin 1996,therewerestill 1159partly-urbancellsbeing
omittedfromthiscategoryandanother1154cellsbeingcommittedtothiscategory
incorrectly.In addition,2441urbancellswereomittedfromtheurbancategoryand
1690cellscommittedtothiscategoryincorrectly.This indicatesthatthemodelstill
needstobefine-tunedeitherby adjustingitsparametersettingsor introducingnew
rules.
Terrainandcoastalproximityattractions
Comparingthesimulationresultsachievedthusfarwiththeactualurbanareaof
SydneyasdefinedinLiu (1998),largedifferencesintheMenaiareasouthofSydney
wereobserved.Thisareaisattractivetoarelativelyhigh-incomesectorowingtoits
relativelyhighterrainandbeautifulnaturalenvironment(CitiesCommission
PlanningDivision1974).Geographically,thisareaissitedinthetransitionbetween
theWoronoraPlateauandtheCumberlandPlain.In someoftheseareas,theresidents
mayhaveviewsoftheseaandthecoast.To representtheseconditions,newrules
representingtheattractivenessofterrainandcoastalproximitytotheurban
developmentwereproposedandaddedintothemodel.
Forthenon-urbancells,
if theslopeismoderateandtheterrainishighenoughtoviewthecoast,
then applythenewdevelopmentrulesofurbannaturalgrowth;
elseif theslopeismoderate,it iswithintheproximityofthecoastandit also
receivesweaksupportfordevelopmentfromitsneighbourhood,
applythebasicpatternofnewdevelopmentrule;
theslopeis steepbuttheterrainishighenoughtoviewthecoast,
applytheveryslowpatternofnewdevelopmentrule;
theslopeisrelativelysteep,it iswithintheproximityofthecoast,itcan
receiveweaksupportfordevelopmentfromitsneighbourhoodandit also
passesarandomselection,
then applytheveryslowpatternofnewdevelopment.
then
elseif
then
elseif
Withthespatialmodellingrulesincorporatingterrainandcoastalproximity
attraction,developmentwasgeneratedinMenaiandsurroundingareas(Figure4).
Someofthecellsintheseareaswerefullydevelopedintoanurbanstateandthe
modelgeneratedanoverallaccuracyof94.7percentandaKhatcoefficientof89.9per
centin 1996(Table2).Boththeproducer'sandtheuser'saccuraciesonindividual
categoriesreachedover80percent.Thisdemonstrateshathemodelprovideda
suitablyaccuraterepresentationoftheoutcomesofurbandevelopment,andpossibly
theyaccountedfortheprocessesoftheurbandevelopmentofSydneyoverthelast
twoandahalfdecades.
Figure4
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ScenarioIV - ResultsofthesimulationofSydneygrowth,1971to1996,withtwo
snapshotsshowingthecity'sextentin 1981(a)andin 1996(b).Thismodeltook
intoaccountslope-constrainedandtransport-supportedd velopment,alongwith
terrainandcoastalproximityconsiderations.
Urbanplanning
Threemetropolitanplanningschemeshavebeenproposedandimplementedin
Sydneyoverthelastthreedecades.ThesearetheSydneyRegionOutlinePlan(New
SouthWalesStatePlanningAuthority1968),theSydneyintoitsThird Century(New
SouthWalesDepartmentofEnvironmentandPlanning1988)andtheCitiesfor the
21stCentury(NewSouthWalesDepartmentofPlanning1995).Ineachoftheseplans
anumberofareaswereproposedforurbandevelopmentwithinacertaintimeperiod.
Whatwouldoccurinareasetasideforspecifictypesofurbandevelopment,if the
planswerechangedoranyofthefivedrivingfactorsforurbangrowthwere
modified?Inthispaper,thecellularautomatamodelwasusedtoimplementrules
controllingurbandevelopmentsandexaminestheimpactofvariationsinurban
planningcontrolsonSydney'surbandevelopment.
Theplanningrulesfirstimplementedwerethoserepresentingtheareasplannedfor
urbandevelopmentasindependentfactors.Theserulesassumedthatif acellwassited
inanareanominatedforfutureurbandevelopmenti anyoftheurbanplanning
schemes,developmentwouldbefaster,oranewdevelopmentbeinitiated.Adding
theserulesintothemodelresultedin increasedevelopmenti theplannedareas.
TheseresultsdidnotmatchwellwiththeactualurbandevelopmentofSydneyover
thesameperiod.Thereducedaccuracyofthesimulationresultsindicatesthatnotall
areasplannedforurbandevelopmentcanactuallydevelopatthesamepace
independently.Instead,urbanplansweremorelikelytoreleasetheconstraintor
reinforcethesupportofotherfactorsincludingtheslopeandthetransportation
networks.
An alternativeapproachof implementingtherulesofurbanplanningwastested,
whichcombinedtheimpactofareasplannedforurbandevelopmentwithotherurban
growthcontrollingfactors,eitherthroughreinforcingthesupportoftransportationa d
coastalproximityattractionsorreleasingtheconstraintofslopefactor.Forinstance,if
acellhasaweakpropensityfordevelopmentandit cannotgetsufficientsupportfor
suchdevelopmentfromitsneighbourhood(ConditionD),previousrulesindicatethat
thiscellwill undergoaslowpatternofcontinuedevelopmentif heslopeofacellis
moderateandthetransportationsupportisweak.However,if thiscellissitedin an
areaplannedforurbandevelopment,thespeedofdevelopmentofthiscellwill be
expedited,thatis,thiscellwill undergoabasicpatternofcontinuedevelopment.For
anundevelopednon-urbancellwithamoderateslopeandaweaktransportation
support,aslowpatternofnewdevelopmentcanoccurtothecellif it is sitedinan
unplannedarea.If thiscellissitedinanareaplannedforurbandevelopment,it may
undergoabasicpatternratherthanaslowpatternofnewdevelopment.Throughthe
implementationftherulesrepresentingareasplannedforurbandevelopmenti
conjunctionwithotherules,theoverallaccuracyandtheKhatcoefficienthave
slightlyincreasedfrom94.7to95.0percentandfrom89.9to90.4percent
respectively.Theproducer'saccuracyoneachcategoryhasalsoimproved,although
theuser'saccuracydecreasedslightly,indicatingthathemodelhasgeneratedmore
developmentthanit shouldhave(Table2andFigure5).
Figure5
(Figure5.tiff)
ScenarioV - ResultsofthesimulationofSydneygrowth,1971to1996,withtwo
snapshotsshowingthecity'sextentin 1981(a)andin 1996(b).Thismodel
incorporatedrulesrepresentingareasplannedforurbandevelopmenttorelease
slopeconstraintandreinforcetransportsupportandterrainandcoastalproximity
attractions.
ResultsandDiscussion
Comparingtheresultsgeneratedfromfivedifferentscenariosindicatedthatby
includingeachdrivingforceofurbangrowthintothemodel,thesimulationaccuracy
ofthemodelincreased(Figure6).Theimprovementsinthesimulationaccuracies
werestatisticallysignificant,especiallywhenimplementingtherulesrepresentingthe
constraintof slope,thesupportoftransportationnetworksandtheattractionsof
terrainandcoastalproximity.Eachofthesefactorswasidentifiedasapotentialmajor
contributortothespatialvariationinurbandevelopmentaroundSydneyoverthe
years1971-96.Forurbanplanning,itwasobviousthatnotallareasplannedforurban
developmentwereactuallydevelopedovertheproposedtimeperiods.Theurban
developmentoccurredonlyinareaswithcertaindegreesofaccessibilityandservices,
suchasarelativelysmoothterrainandasupportfordevelopmentfromthe
transportationnetworks.Therefore,toensurethatdevelopmentcouldactuallyoccur
aswasproposedintheplanningschemes,itwasimportanttoimprovethelocal
accessibilityoftheareasandthecommunicationsbetweentheseareasandother
developedareas.
Figure6
(Figure6.tiff)
RealversusimulatedurbandevelopmentofSydneyfrom1971to1996,witha)
(upperleft)showingthedevelopmentofurbanareas,b)(upperight)showingthe
developmentofpartly-urbanareas,andc)(lowerleft)showingthedevelopmentof
non-urbanareas
Conclusions
Thispaperhasdemonstratedaflexibleimplementationfurbangrowthrulesina
spatialcellularautomatamodelforsimulatingtheurbandevelopmenti Sydney.Five
keyfactors,includingtheselfpropensityfordevelopmentandneighbourhood
support,slopeconstraint,transportationsupport,errainandcoastalproximity
attractionsandurbanplanningsupporthavebeenimplementedinthemodelto
simulateSydney'surbandevelopmentfrom1971to1996.Thesefactorswere
introducedintothemodelbasedonthesequenceofthephysicalconstraints,ocio-
economicfactorsandinstitutionalcontrols.Thephysicalconstraintssuchaswater
bodies,slopeandterrainare'hard'constraintsonurbandevelopment;thesefactors
cannoteasilybealteredbyhumanbeings.Incontrast,hesocio-economicfactorsand
theinstitutionalcontrolsaremore'soft'inaffectingtheprocessesofurban
development,andtheyaremoreeasilychangedbyhumanforces.Whetherandhow
analternatives quenceintheimplementationftheruleswouldgeneratedifferent
outcomeswerenottested;thisneedsfurtherstudy.
NotallthefactorsaffectingSydney'surbandevelopmenthavebeenconsideredinthis
model.Forinstance,althought etransportationnetworkshavebeenimplementedin
themodeltorepresentaccessibility,factorsuchasjourneytoworkandaccessto
otherservicesandfacilitiesincludingschools,shops,sewerageanddrainagesystems
werenotmodelled.Otherfactors,suchasurbaninfrastructure(drainageandsewerage
systems),andcommunityservicesarealsorecognisedascontributorstothepatternof
urbandevelopmenti Sydney.Nevertheless,themodelhasproducedrealisticresults
in illustratingSydney'surbandevelopment.
Withtheflexibilityofrule-basedimplementationwithinthemodel,morerulescanbe
addedasnew'If-Then'statementstofine-tunethemodel,providedthatagood
understandingoftheruleismaintainedandgooddataarecollected.Thisflexibilityof
themodelenablesit tofunctionotonlyasananalyticalndheuristictoolto
understandthefactorscontrollingtheprocessesofurbandevelopment,butalsoasa
planningtooltoexperimentwithvariousplanningproposalsandanswerthe'What-if'
questionsintheplanningpractice.
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